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SECTION 1
INTRODUCTION

The Naval Surface Warfare Center (NSWC) needs to develop the capability to numerically
determine the characteristics of a propagating stress wave in saturated sand. Satisfying this need
requires a robust material model that covers the sand behavior for a wide range of sand saturation
levels. To provide the data needed to develop and validate this material model, SRI International
performed precision experiments to characterize the saturated sand response resulting from
detonation of a spherical explosive charge.

The objectives of SRT's tests were to: (1) fabricate sand models with saturation levels
between 100% and 80% of pore volume, (2) characterize the saturation uniformity of the models,
and (3) measure the saturated sand material response resulting from the detonation of a spherical
explosive charge. The instrumentation consisted of particle velocity gages as the primary
measurement tool and stress gages as the secondary measurement tool. We made material
response measurements for stress levels between 1 and 10 kbar (14.5 and 145 ksi).

Particle velocity measurements have been used at SRI in over 600 experiments1-17 to
characterize the geologic material response to shock wave propagation from an explosive source.
The particle velocity gage, experimental apparatus, magnetic field source, and electronic data
acquisition systems have been developed and calibrated at SRI to provide a measurement accuracy
of #2%. The experimental procedure consists of placing wire loops within the geologic material
model which are concentric about a spherical explosive charge. The model is placed within the
pressure vessel facility shown in Figure 1-1, which can be pressurized up to 69 bar (1 ksi) of
overburden pressure. To measure particle velocity, a solenoid is placed around the geologic model
to generate a magnetic field and induce an electromagnetic force in the wire loops, which is
proportional to the wire loop radial pacticle velocity.

We have made numerous stress measurements using the SRI fabricated, miniflatpack,
stress gage.13:15,17.18-25 These experiments have focused on measuring the radial stress
component from a spherical explosive source in homogeneous materials (such as rock and rock
matching grouts).

In Section 2, we describe our technique for fabricating the saturated sand models,
characterizing the saturation uniformity, measuring particle velocity and stress, and performing
saturated sand model experiments with a spherical explosive charge. In Section 3, we presenta
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summary of results from four experiments. Experiments were performed at nominal saturation
levels of 100%, 95%, 78%, and 77%. In Sections 4 through 7, we present the complete results
from each experiment. In Section 8, we discuss our interpretation of the experimental results. In
Section 9, we present our conclusion and recommendations for future work. Records from the
stress gages are shown in Appendix A. Governing equations used to process the spherical wave
particle velocity are given in Appendix B. Error analysis for the experimental measurements is
given in Appendix C.
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SECTION 2
EXPERIMENTAL TECHNIQUE

SAND MODEL PREPARATION AND CHARACTERIZATION

'We obtained sand for our experiments from Eglin Air Force Base in Florida. Extensive
material property characterization on Eglin Beach sand has been performed by Chitty et al.,
1994.26 The general material characteristics are:

Grain Density 2.653 g/cm3
Minimum Dry Density 1.428 g/cm3
Maximum Dry Density 1.676 g/cm3
Grain Size 0.2 t0 0.8 mm
In-Situ Dry Density . 1.615 g/em3

Three sand model preparation techniques were developed to facilitate obtaining nominal 100%,
95%, and 78% saturation levels with respect to pore volume. These saturation values correspond,
respectively, to 0%, 2%, and 10% air filled voids with respect to the total volume. The error
estimations given below are based on accounting for the error associated with the weight scales
used and for other possible error sources such as measurement of sand volume. A complete
discussion of the error analysis is given in Appendix C.

We made the 100% saturation model by raining dry sand through a No. 20 sieve from a
height of 61 cm (2 ft) into a cylindrical aluminum container. The 6061-T6 aluminum container had
an inside diameter of 25.720 + 0.003 cm (10.126 + 0.001 in.), a length of 30.480 + 0.051 cm
(12.00 + 0.02 in.), and a thickness of 1.27 £ 0.03 cm (0.50 % 0.01 in.). The container bottom
was a 1.3 £ 0.1-cm-thick 6061-T6 aluminum plate (0.50 % 0.04 in.) Sand was rained into the
container to form four 7.6 cm (3 in.) layers. After each layer, the container was vibrated for
15 minutes. After the fourth layer was formed, a 52 kg (115 1b) mass was placed on top of the
sand and the sand was vibrated for an additional 30 minutes. This fabrication procedure was
devised based on our investigation of several other techniques and was found to produce the most
repeatable and uniform sand dry density characteristics.

Using the above technique, five sand models were fabricated with measured bulk dry
densities of 1.628, 1.648, 1.663, 1.661, and 1.675 g/cm3. These values give an average dry




density of 1.655 g/cm3 with a standard deviation of 0.018 g/cm3. The estimated maximum error
associated with the bulk dry density measurement is +0.008 g/cm3 (+0.5%). The average
calculated porosity was 37.62 + 0.30% [Porosity % = (1 - Dry Density/Grain Density) x 100].

To determine the sand dry density uniformity, we placed sample cups (2.540 £ 0.002 cm
diameter by 2.540 4 0.001 cm long) at different heights and azimuthal angles in the sand model
during the sand raining procedure. Figure 2-1 shows the location and designation of the 12 sample
cups. Table 2-1 gives the 12 sand dry density measurements for three models. For each model,
the maximum variation with respect to the mean dry density was less than +0.031 g/cm 3 (+2%).
The estimated maximum error associated with the dry density measurement from the sample cups
is +0.045 g/cm3 (+2.8%). In addition, there are no obvious trends between the sand dry density
near the bottom as compared with the sand dry density near the top. Thus, the sand dry density
values were random throughout the sand model.

TABLE 2-1. CHARACTERIZATION OF DRY DENSITY UNIFORMITY

Sample Cup Model No. 1 Model No. 2 Mode! No. 3

1 1.638 1.608 NA

2 1.655 1.639 1.663

3 1.647 1.632 1.647

4 1.655 1.632 1.663

5 1.647 1.624 1.670

6 1.655 1.624 1.655

7 1.647 1.616 1.670

8 1.647 1.624 1.663

9 1.639 1.639 1.686

10 1.639 1.632 1.678

11 1.647 1.625 1.632
12 1.655 1.639 NA

Mean 1.648 1.628 1.663

Standard Deviation 0.006 0.010 0.015

To achieve 100% saturation, we placed the sand model in the pressure vessel shown in
Figure 2-2. The air within the sand pore volume was removed by evacuating air directly from the
sand model bottom as well as from the volume surrounding the model. Once the sand model was
evacuated, deionized, and degassed, we placed water in the sand model at an overburden pressure
of 1.2 bar (18 psi) until 100% saturation was achieved. Based on bulk weight measurements of
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sand and water, this procedure produced total saturation levels for three different models of 100%,
101%, and 100%. The average saturation level from these three models was 100% and the
standard deviation was 0.6%. The estimated maximum error associated with the bulk saturation
measurement was +1%.

As described above for the dry sand model, we characterized the saturation uniformity
using sample cups placed in the model during the sand raining procedure, as shown in Figure 2-1.
However, the sample cups used for the saturation measurements had a No. 100 mesh screen
placed over the bottom end to confine the sand and allow the water to freely pass through the cup.
After saturation, the sample cups were carefully removed, weighed to obtain the saturated density,
and then dried and weighed to obtain the dry density. Figure 2-3 shows a profile of saturation
versus height obtained from the sample cups. Except for a single sample cup that indicated 96%
saturation, all sample cups indicated saturation levels in excess of 100%. Because it is not possible
to achieve saturation levels in excess of 100%, the measured saturated levels in excess of 100% are
attributed to the relatively large error associated with determining differences between small
quantities of material. The estimated maximum error associated with the sample cup saturation
measurement is +7%.

To obtain the 95% saturated model, we first made a 100% saturated model as described
above and then allowed the model to drain through a 1.3 £ 0.1-cm-thick (0.5 + 0.04 in.) 6061-T6
aluminum plate that was perforated with 1.3-cm-diameter (0.5 in.) holes spaced at a center to
center distance of 1.9 cm. To prevent the sand from passing through these holes, a No. 100 mesh
was placed over the perforated plate. Bulk weight measurements indicated a saturation level of
95% +1% after water drainage for a period of 91 hours. During the water drainage period, the top
of the sand model was sealed to prevent evaporation. To determine the saturation uniformity, we
used a coring technique in place of the sample cup technique described above. The coring
technique was employed because we believed the No. 100 mesh screen on the sample cup bottom
would restrict water drainage. The coring tool was fabricated from individual 2.230 + 0.025-cm-
diameter (0.878 in.) by 2.540 £ 0.006 cm long (1.000 in.) tubes. The individual tubes are taped
together to form a 30.5-cm-long (12.0 in.) continuous tube that could be easily separated into
individual sections by simply cutting the tape. The estimated maximum error associated with the
core technique is +10%, which is larger than the estimated error associated with the sample cup
technique because the separation of the core into individual sections exposes two free ends rather
than a single end associated with the sample cups. Free ends can induce error because the sand
grains may be slightly above or below the free edge, and therefore cause error in the estimated sand
volume. The cores were inserted into the sand by tapping the end with a rubber mallet. Because
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the sand state is near its maximum density and saturation level, the insertion of the cores caused
noticable expansion of the sand top surface and percolation of water.

Figure 2-4 shows the measured variation of saturation level with height obtained from one
core at the center No. 1) and four cores placed at a radius of 7.6 cm (3.0 in.) and at azimuthal
angles of 0, 90, 180, and 270 degrees (Nos. 2, 3, 4, and 5). Several trial sand models were
fabricated and cored in order to perfect the technique and obtain the results shown in Figure 2-4.
The cores show the trend of saturation levels between 93% and 99% near the bottom and saturation
levels between 78% and 88% at the midplane (15 cm). Above a height of 20 cm, no results are
shown due to disruption of the sand within the core sections. The average measured saturation
from 35 core sections was 88%, which is lower than the average saturation level from the bulk
weight measurement by 7%. Because of this difference, we are skeptical of the results from the
COTe measurements.

Because the technique of fabricating a 100% saturated model and then allowing the model
to drain to achieve a reduced saturation level did not produce an adequate saturation uniformity, we
used a different technique to generate partially saturated sand models with saturation levels between
77% and 78%.

We made the partially saturated, 77% and 78% models by mixing measured quantities of
sand and water together to produce a specific saturation level. With this procedure, the maximum
attainable dry density was nominally 1.45 g/cm3 and the minimum porosity was nominally 45%.
These values differ by approximately 10% from the dry density and porosity values obtained for
the 100% and 95% saturated models. In the three sand models fabricated, the average saturation
levels were 80%, 73%, and 76% based on bulk weight measurements of sand and water. Using
the coring technique already described, we measured the saturation uniformity for the three sand
models at the same locations described earlier for the 95% saturated model. Because these models
are not at their maximum consolidation and saturation levels, the insertion of the cores was much
easier than for the 95% saturated model. In addition, there was little or no noticable sand
movement or water percolation. From 50 core samples for each sand model, the average
measured saturation was 81%, 75%, and 75%, respectively. The standard deviation was typically
3%. The similarity of the average core saturation value and the bulk measurement saturation value
helps validate our novel saturation characterization technique.

Figure 2-5 shows the saturation uniformity for the sand model with the bulk weight
saturation level of 76%. The maximum saturation variation from the average value of 75%
between a height of 7.2 cm (3 in.) and 22.8 cm (9 in.) is within +4%.

24



INSTRUMENTATION

The primary measurement objective of the experiments was to characterize the saturated
sand material response with respect to particle velocity. A secondary measurement objective was
to characterize the material response with respect to radial and circumferential stress components.

To measure particle velocity, we placed wire loops within the saturated sand medium and
concentric with a spherical explosive charge. Figure 2-6 shows the experimental arrangement for
the particle velocity gages, which were located at radii of 0.54, 1.01, 1.55, 2.04, 2.54, 3.05,
3.55, and 4.05 cm. The estimated measured error associated with the wire loop location is +0.05
cm. The wire loops have a diameter of 0.30 mm (0.012 in.) and a density of 6.21 g/cm3. The
wire loop diameter is approximately the same as the average sand grain size. Although the wire
density is larger than the grain sand density (2.653 g/cm3), extensive experience has shown that
the wire loops travel with the sand particle motion. Surrounding the sand model is a solenoid, as
shown in Figure 2-2, which generates a vertically oriented magnetic field (B = 0.181 Tesla)
through the midplane containing the particle velocity gage loops. The motion of these loops
through the magnetic field flux lines generates a measurable electromagnetic force (€) in volts.
Using Faraday's law, the particle velocity u = &¢/Bl, where 1is the length (27r) of the particle
velocity gage. Because the gage particle velocity results in an increase in the gage length at each
data point (approximately every 100 ns), a new gage length is determined through temporal
integration of the particle velocity record (1 =2z (r + Ar). The new gage length is then used to
determine the particle velocity for the next data point.

Stress measurements that we have made using the SRI fabricated, miniflatpack, stress gage
have focused primarily on measuring the radial stress component from a spherical explosive source
in homogeneous materials (such as rock and rock matching grouts).13:15:17.18-25 Typically,
results in these material types have indicated a precision level within £20%. Using the
miniflatpack stress gage in saturated sand may have an associated larger level of uncertainty
because the saturated sand is most likely inhomogeneous. Furthermore, the saturated sand
inhomogeneity may be greatest near the miniflatpack stress gage due to the inclusion effect of the
gage. We expected the fabrication procedure for the 100% saturated sand model to produce a more
homogeneous saturated sand material, particularly near the stress gage, than did the fabrication
technique for the 95%,78%, and 77% saturated sand models.

Figure 2-7 shows the miﬁiﬂatpack stress gage that we used. The gage package consisted
of a Dynasen (Model No. YB4-50-EK), 3.2-mm-square (0.125 in.), ytterbium, sensing element
sandwiched between two, 0.15-mm-thick (0.006 in.), stainless steel plates. The ytterbium was
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electrically isolated from the stainless steel plates using a 0.025-mm-thick (0.001 in.) layer of
Kapton tape. The stainless steel plates were connected to ground for gage shielding.

To measure the radial stress component, we oriented the stress gage so that the gage face
was perpendicular to the incident stress wave plane. To measure the circumferential stress
component, we oriented the stress gage so that the gage face was parallel to the incident stress
wave plane. In Experiments 1 and 2 (100% and 95% saturated sand models), two radial and two
circumferential stress gages were both placed at nominal ranges of 2 cm (0.79 in.) and 3 cm
(1.18 in.). Figure 2-8 shows the radial and circumferential stress gage layout for Experiments 1
and 2. In Experiments 3 and 4 (78% and 77% saturated sand models), four radial stress gages
were placed at a nominal range of 2 cm (0.79 in.) and a nominal range of 3 cm (1.18 in.).

Because ytterbium is sensitive to in-plane strain, we made miniflatpack strain gages in the
same manner as described above for the ytterbium stress gages and placed them at the same
orientations and ranges as the stress gages. The strain-time histories from these gages were used
in the data reduction for the stress gages to reduce the ambiguity of the stress measurement due to
possible in-plane strain.

Figure 2-9 shows sequential photographs taken during the placement of particle velocity
and stress gages within the aluminum container. Figures 2-9(a) and (b) show close-ups of particle
velocity gage loops and radial and circumferential stress gages. The particle velocity gage loops
were held in place using a web made from thin thread. The stress gagse were held in place using a
brass tube rigidly connected to the aluminum container wall. Figure 2-9(c) shows the complete
particle velocity and stress gage configuration along with the spherical explosive charge at the
center.

EXPLOSIVE CHARGE

Figure 2-10 shows the spherical explosive charge used to generate a spherically divergent
wave in the saturated sand. The charge consisted of 3/8 g of PETN explosive powder packed to a
density of 1.0 g/cm3. The PETN was contained within a spherical shell of Lexane with an outside
diameter of 1.00 + 0.01 cm (0.39 in.) and a wall thickness of 0.050 + 0.005 cm (0.020 in.). The
PETN was detonated at its center using a 2 g/ft (0.42 g/m) mild detonating fuse (MDF), which was
contained within a stainless steel tube to minimize the wave generated from the MDF detonation.
The MDF consisted of PETN encased within a lead sheath. The mass per unit length of the PETN
is 0.42 g/m and of the lead is 6.5 g/m. The MDF detonation velocity is 6902 m/s. A thin coat
(0.08 mm thick) of urethane rubber is placed around the Lexan sphere to prevent seepage of water
into the PETN from the saturated sand.
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The PETN charge used here has been employed in numerous experiments and has a reliable
Jones-Wilkins-Lee (JWL) equation of state for inclusion in numerical simulations. For example,
Reference 15 shows a comparison of calculated with experimental particle velocities in limestone.
To obtain the calculated particle velocities here, we used the standard JWL equation-of-state
parameters for PETN.

The JWL equation of state defines the pressure as

- O )RV O ) RV GE
where p is the pressure, E is the energy, and V is the ratio of volume of the detonation products to
the volume of the undetonated explosive. For PETN with a density of 1.0 g/cm3, the WL
parameters are

A =7300 kbar
B =100 kbar
R;=70

Ry =20
=028

with an initial energy Eq of 57 kbar, a detonation velocity of 5600 m/s, and a Chapman-Jouguet
(CY) pressure of 75 kbar.

OTHER SAND CHARACTERIZATION EXPERIMENTS

Table 2-2 summarizes the sonic wave speed measurements made in sand with different
saturation levels at 1 atm pressure and at a temperature of 20°C. The sonic wave speed
measurements were made using two parametric transducers with a fixed frequency of 0.5 MHz.
These transducers were placed within a Lucite tube to allow for separating the transducers between
a known weight and volume of sand and water mixture. For reference, with air only between the
transducers, the measured sound speed was 338 m/s (published value = 331.3 m/s). For
deionized (but not degassed) water only between the transducers, the measured sound speed was
1438 m/s (published value = 1450 m/s). For dry sand with a density of 1.60 g/cm3, the measured
sound speed was 760 m/s.

To saturate the sand, we mixed a measured weight of water with the sand and then vibrated
and repacked the combined sand/water mixture in the Lucite tube housing. In this way, we could
achieve some degree of uniformity. However, this process tends to produce relatively higher
porosity levels than consolidating dry sand, as is shown in Table 2-2. This is the reason for the
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initial drop in sonic velocity from 760 to 643 m/s associated with dry and 30% saturated values,
respectively. The data indicate a decrease in sound speed from the maximum value of 1687 m/s at
100% to 953 m/s at 81.5% saturation.

TABLE 2-2. CHARACTERIZATION OF SONIC WAVE SPEED FOR DIFFERENT SAND
SATURATION LEVELS

Dry Density Total Porosity Saturated Density Wave Speed Saturation Level

(g/cm3) (%) (g/cm3) (m/s) (%)
1.60 40.0 — - 760 Dry
1.46 44.8 1.59 643 30.0
1.51 43.1 1.75 799 56.7
1.56 41.2 1.86 800 72.7
1.54 42.1 1.88 953 81.5
1.57 41.0 1.94 1617 91.8
1.58 40.6 1.97 1687 986.1
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SECTION 3
SUMMARY OF EXPERIMENTAL RESULTS

We performed four experiments using the experimental techniques described in Section 2.
Table 3-1 summarizes the sand model conditions based on bulk weight measurements taken before
each experiment. The saturation levels given in Table 3-1 are percentage of pore volume. The
100%, 95%, 78%, and 77% saturation levels correspond to 0%, 2%, 10%, and 10% air voids of
the total volume.

TABLE 3-1. SAND MODEL EXPERIMENTAL PROPERTIES

Dry Density Porosity Saturated Density  Total Saturation
Experiment No. (_g/cm3 £ 0.008) (% +0.3) (_g/cm3 £0.01%) (%+1)
1 1.678 36.8 2.051 100
2 1.659 37.5 2.012 95
3 1.465 44.8 1.815 78
4 1.452 453 1.802 77

In this section, we present a summary of experimental results. Detailed discussions of
experimental results are presented in Section 4 for Experiment 1, Section 5 for Experiment 2,
Section 6 for Experiment 3, and Section 7 for Experiment 4. In Section 8, we compare
Experiment 1, Experiment 2, and Experiment 3 (100%, 95%, and 78% saturated sand models).

PARTICLE VELOCITY MEASUREMENTS

As described in Section 1, the technique for particle velocity measurements has been
perfected to provide an estimated error of +2% and has been used in over 600 experiments in
geologic materials at SR1.1-17

The 100% saturated model produced the particle velocity-time histories shown in
Figure 3-1. The abrupt drop in particle velocity seen at approximately 20, 60, and 130 ps for
gages at ranges of 1.01, 1.55, and 2.04 cm, respectively, signifies the gage failure due to
excessive hoop strain. The peak particle velocity varied from approximately 192 m/s at a range of
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1.01 cm to 26 m/s at a range of 4.05 cm. Based on the time of arrival (TOA) of the particle
velocity the wave front speed varied between 2750 m/s at arange of 1.01 cm to 1750 m/s ata
range of 4.05 cm. The arrival of the reflected wave from the aluminum cylindrical container occurs
approximately after 130 us for particle velocity gages located between the charge and a range of

4.05 cm. After this time, the wave is no longer spherical.

To obtain an estimate of the peak radial Stress, we use the equation
or=pcu (3.1

where p is the saturated density given in Table 3-1, c is the wave front speed, and u is the peak
particle velocity. The estimated radial peak stress varied between 10.5 kbar (152 ksi) at a range of
1.01 cm and 0.9 kbar (13.1 ksi) at a range of 4.05 cm. Because Equation (3.1) is derived based
on the assumption of an instantaneous rise to peak particle velocity (i.e., single planar shock jump
condition), using Equation (3.1) for cases where there is a finite rise time to the peak will generate
some degree of uncertainty.

The 95% saturated model produced the particle velocity-time histories shown in Figure 3-2.
Gage failure occurred at approximately 15, 45, and 95 us in particle velocity gages located at
ranges of 1.01, 1.55, and 2.04 cm, respectively. The peak paniclé velocity varied from
approximately 185 m/s at a range of 1.01 cm to 25 m/s at a range of 4.05 cm. The wave speed
varied from approximately 2701 m/s at a range of 1.01 cm to 1587 m/s at a range of 4.05 cm.
The arrival of the reflected wave from the aluminum cylinder container occurs approximately after
130 ps for particle velocity gages located between the charge and a range of 4.05 cm. After this
time, the wave is no longer spherical. Using Equation (3.1) the estimated peak radial stress varied
from 10.1 kbar (146 ksi) at a range of 1.01 cm to 0.8 kbar (11.6 ksi) at a range of 4.05 cm.

The 78% saturated model produced the particle velocity-time histories shown in Figure 3-3.
Gage failure occurred at approximately 15, 30, 98, 165, 260, 340, and 390 us for gages located at
ranges between 1.01 and 4.05 cm, respectively. The peak particle velocity varied from
approximately 194 m/s at a range of 1.01 cm to 18 m/s at a range of 4.05 cm. The wave front
speed varied from approximately 1711 m/s at a range of 1.01 cm to 361 m/s at a range of 4.05 cm.
The arrival of the reflected wave from the aluminum cylinder container occurs approximately after
500 ps for particle velocity gages located between the charge and a range of 4.05 cm. After this
time the wave is no longer spherical. Using Equation (3.1), the estimated peak radial stress varied
from 6.0 kbar (87.0 ksi) at a range of 1.01 cm to 0.1 kbar (1.5 ksi) at a range of 4.05 cm.

The 77% saturated model produced the particle velocity-time histories shown in Figure 3-4.
Gage failure occurred at approximately 15, 40, 92, and 225 ps for gages located at ranges between



1.01 and 3.05 cm , respectively. The peak particle velocity varied from 192 m/s at a range of 1.01
cm to 17 m/s at a range of 4.05 cm. The wave front speed varied from 1908 m/s at a range of 1.01
cm to 455 m/s at a range of 4.05 cm. The arrival of the reflected wave from the aluminum
container occurs approximately after 500 ps for particle velocity gages located between the charge
and a range of 4.05 cm. After this time, the wave is no longer spherical. Using Equation (3.1),
the estimated peak radial stress varied from 6.6 kbar (95.7 ksi) at a range of 1.01 cm to 0.1 kbar
(1.5 ksi) at a range of 4.05 cm.

The 78% and 77% saturated models are essentially identical, so the particle velocity results
can be compared to assess the reproducibility of the experimental technique. Figures 3-5 through
3-7 illustrate the reproducibility of particle velocity waveform shape for gages located at ranges of
1.01, 2.04, and 4.05 cm, respectively. In general, the particle velocity waveform shapes compare
reasonably well. The average difference between peak particle velocities from each experiment
was 2.6%. The average difference between wave front TOA from each experiment was 14.2%.
The largest difference between the two experiments occurred at a range of 4.05 cm: the wave
front arrival times differed by 16.7% and the peak particle velocities differed by 6.7%. These
differences are attributed mostly to the variation in saturation uniformity, which is estimated to be
+3.3%.

STRESS MEASUREMENTS

We attempted to make radial and circumferential stress measurements; however, stress
measurements in low-density granular materials are inherently difficult due to difficulties in
material placement that can produce localized nonuniform conditions around the gage, to in-plane
strain within the stress gage ytterbium sensing element that can result in a spurious gage signal
interpreted as stress, and to large particle displacements that can produce nonidentical stress and
flow conditions for gages located at the same initial range. As discussed in Section 2, we
developed sand model fabrication techniques to optimize the saturation uniformity and fielded
flatpack strain gages to reduce the stress interpretation uncertainty due to in-plane strain.

Figure 3-8 shows typica!, measured, radial stress-time histories for two flatpack stress
gages located at the same range. Both gages measured peak stresses of 1.5 kbar (21.8 ksi), which
is within 15% of the estimated peak stress from the particle gages using Equation (3.1). However,
the postpeak residual stress levels show a marked difference. Gage 3 indicates a value of 0.1 kbar
(1.5 ksi), while Gage 4 indicates a value of -0.15 kbar (-2.2 ksi), which is not physically possible.
Typically, the radial stress measurements in each experiment showed reproducible peak stresses,
with the peak stresses in good agreement with estimated peak stresses from the particle velocity
records. Significant differences were typically observed for the postpeak residual stress levels
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between gages at the same range. These differences may be attributable to the large particle
displacements that produced different stress flow conditions around the gage or different in-plane
strain conditions within each gage. Furthermore, the Dynasen ytterbium sensing elements used are
well characterized for only uniaxial loading. Thus, there is inherently greater uncertainty in the
unloading portion of the stress measurements due to the lack of Dynasen ytterbium behavior data.
In our data reduction of the stress measurements, we estimate a Dynasen ytterbium unloading
curve by assuming mechanical ytterbium properties obtained from experiments performed at SRI
on other ytterbium element types.

Circumferential stress measurements made in Experiments 1 and 2 for 100% and 95%
saturated models, respectively, showed as much as 30% variation in peak stress and postpeak
residual stress for gages at the same range. Furthermore, the trends in the circumferential stress
waveforms were not qualitatively consistent with radial stress waveforms at some range locations.
For example, some circumferential peak stress measurements exceeded the peak radial stress
measurements.

We suggest that only the peak radial stress information from the measurements be
quantitatively used. The postpeak, residual, radial stress and the complete, circumferential stress
waveforms should not be used due to the lack of reproducibility. The complete stress
measurements from each experiment are illustrated in Appendix A.
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SECTION 4
DETAILED RESULTS FOR 100% SATURATED SAND MODEL

The 100% saturated sand model had a measured dry density of 1.678 + 0.008 g/cm3, a
calculated porosity of 36.8 + 0.3% [Porosity % = (1 - Dry Density/Grain Density) x 100], and a
calculated saturated density of 2.046 +0.011 g/cm3. The measured saturated density was 2.051 +
0.011 g/cm3. The estimated error associated with the total saturated level of 100% is -1% based on
making bulk weight measurements. Figure 2-3 shows a reference saturation uniformity
characteristic for the 100% saturated sand model.

PARTICLE VELOCITY MEASUREMENTS

Figures 4-1 through 4-7 show the particle velocity records measured at ranges from 1.01
t0 4.05 cm. The gage failure indicated in the figures is attributed to breakage of the wire loop
resulting from radial displacement, which generates a hoop strain in excess of the wire failure
strain of approximately 20% to 25%. The particle velocity gage at a range of 0.54 cm (Gage No.
PV1), which is adjacent to the spherical charge, is not shown due to breakage before the peak
particle velocity. The particle velocity records show approximately a linear rise to the peak particle
velocity followed by a decay to a lower particle velocity. The reflection from the aluminum
container boundary is seen as an increase in the particle velocity and occurs between 130 and 150
Us at ranges between 4.05 and 3.05 cm, respectively. Beyond a time of 130 ps, the wave front is
no longer spherically divergent.

Figure 4-8 shows a profile of range versus TOA. The data points have been fitted with a
least squares second order polynomial having the form of

Range = 0.378 + 0.281 TOA - 0.00339 TOA? 4.1)

where range is in centimeters and TOA is in microseconds. The wave front speed at any given
range can be determined by differentiating Equation (4.1) to produce

¢ =0.281 - 0.00678 TOA 4.2)
were ¢ is the wave front speed in centimeters per microsecond. Converting ¢ to units of meters per

second, the wave front speed varies from 2750 m/s at a range of 0.54 cm to 1710 m/s at a range of
4.05 cm.
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Figure 4-9 shows the attenuation of peak particle velocity with increased range. Using
Equation (3.1), the peak particle velocity (m/s) can be multiplied by the saturated density (kg/m3)
and wave front speed (m/s) to produce an estimate for the peak radial stress (Pa). Table 4-1
summarizes the TOA, wave front speed, peak particle velocity, and estimated radial stress for the
100% saturated sand model.

TABLE 4-1. SUMMARY OF EXPERIMENTAL RESULTS FROM PARTICLE
VELOCITY MEASUREMENTS FOR THE 100% SATURATED

SAND MODEL
Range TOA Wave Front Speed Peak Particle Estimated Peak
{cm+0.05 cm) {us + 0.2 us) (mys +10%) Velocity (mvs + 2%) Stress (kbar)

0.54 0.9 2750 NA NA

1.01 2.1 2670 193.2 10.6
1.55 4.1 2530 93.4 5.1
2.04 6.4 2380 573 2.8
2.54 8.6 2230 45 .1 2.1
3.05 11.3 2050 31.3 1.3
3.55 13.4 1900 31.5 1.2
4.05 16.2 1710 25.9 0.9

PARTICLE DISPLACEMENTS AND STRAINS

The particle velocity-time: histories shown in Figures 4-1 through 4-7 can be temporally
integrated to obtain displacement-time histories. Figure 4-10 shows the particle displacement-time
histories.

Figures 4-11 to 4-16 shows fractional radial (€), circumferential (€g), and volumetric
(ev) engineering strains. The governing equations used to calculate these strains are given in
Appendix B. The strains are based on the relative displacements between adjacent particle velocity
gages. Positive strains indicate compression. Negative strains indicate elongation for the
circumferential strains and dilation for the volumetric strains. The volumetric strain-time histories
show that each fractional shell volume dilates after an initial compression.
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SECTION 5§
DETAILED RESULTS FOR 95% SATURATED SAND MODEL

The 95% saturated sand model had a measured dry density of 1.659 + 0.008 g/em3, a
calculated porosity of 37.5 + 0.3% [Porosity % = (1 - Dry Density/Grain Density) x 100], and a
calculated saturated density of 2.015 + 0.0119/cm3. The measured saturated density was 2.012 +
0.011 g/cm3. The estimated error associated with the total saturated level of 95% is 1% based on
bulk weight measurements. Figure 2-4 shows a reference saturation uniformity characteristic for a
95% saturated sand model.

PARTICLE VELOCITY MEASUREMENTS

Figures 5-1 through 5-7 show the particle velocity records measured at ranges from 1.01 to
4.05 cm. The gage failure indicated in the figures is attributed to breakage of the wire loop
resulting from radial displacement, which generates a hoop strain in excess of the wire failure
strain of approximately 20% to 25%. The particle velocity gage at a range of 0.54 cm (Gage No.
PV1), and which is adjacent to the spherical charge, is not shown due to breakage before the peak
particle velocity. The particle velocity records show approximately a linear rise to the peak particle
velocity followed by a decay to a lower particle velocity. The reflection from the aluminum
container boundary occurs between 130 and 150 ps at ranges between 4.05 and 3.05 cm,
respectively. Beyond a time of 130 s, the wave front is no longer spherically propagating.

Figure 5-8 shows a profile of range versus TOA. The data points have been fitted with a
least squares second order polynomial having the form of

Range = 0.304 + 0.291 TOA - 0.00403 TOA? 5.1

where range is in centimeters and TOA is in microseconds. The wave front speed at any given
range can be determined by differentiating Equation (5.1) to produce

¢ =0.291 - 0.00806 TOA 5.2)
where ¢ is the wave front speed in centimeters per microsecond. Converting ¢ to units of meters

per second, the wave front speed varies from 2840 m/s at a range of 0.54 cm to 1590 m/s ata
range of 4.05 cm.
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Figure 5-9 shows the attenuation of peak particle velocity with increased range. Using
Equation (3.1), the peak particle velocity (m/s) can be multiplied by the saturated density (kg/m3)
and wave front speed (m/s) to produce an estimate for the peak radial stress (Pa). Table 5-1
summarizes the TOA, wave front speed, peak particle velocity, and estimated radial stress for the
95% saturated sand model.

TABLE 5-1. SUMMARY OF EXPERIMENTAL RESULTS FROM PARTICLE
VELOCITY MEASUREMENTS FOR THE 95% SATURATED

SAND MODEL
Range TOA Wave Front Speed Peak Particle Estimated Peak
(cm+0.05 cm) (us £ 0.2 us) (mvs + 10%) Velocity (m/s + 2%) Stress (kbar)

0.54 0.9 2840 NA NA

1.01 2.6 2700 184.5 10.0
1.55 4.4 2560 85.8 4.9
2.04 6.2 2410 57.2 2.8
2.54 8.9 2200 47.6 2.1
3.05 11.3 2000 32.1 1.3
3.55 13.9 1790 30.7 1.1
4.05 16.5 1590 25.0 0.8

PARTICLE DISPLACEMENTS AND STRAINS

The particle velocity-time histories shown in Figures 5-1 through 5-7 can be temporally
integrated to obtain displacement-time histories. Figure 5-10 shows the particle displacement-time-
histories.

Figures 4-11 to 4-16 shows fractional radial (€;), circumferential (€g), and volumetric
(ev) engineering strains. The governing equations used to calculate these strains are given in
Appendix B. The strains are based on the relative displacements between adjacent particle velocity
gages. Positive strains indicate compression. Negative strains indicate elongation for the
circumferential strains and dilation for the volumetric strains. The volumetric strain-time histories
show that each fractional shell volume dilates after an initial compression.
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SECTION 6
DETAILED RESULTS FOR 78% SATURATED SAND MODEL

The 78% saturated sand model had a measured dry density of 1.465 + 0.008 g/cm3, a
calculated porosity of 44.8 + 0.3 % [Porosity % = (1 - Dry Density/Grain Density) x 100], and a
calculated saturated density of 1.814 + 0.011 g/cm3. The measured saturated density was 1.815 +
0.011 g/cm3. The estimated error associated with the total saturated level of 78% is +1% based on
bulk weight measurements. The 78% saturation level with respect to the pore volume corresponds
to 10% air voids with respect to the total volume. Figure 2-5 shows a reference saturation
uniformity characteristic for a 78% saturated sand model.

PARTICLE VELOCITY MEASUREMENTS

Figures 6-1 through 6-7 show the particle velocity records measured at ranges from 1.01
t0 4.05 cm. The gage failure indicated in the figures is attributed to breakage of the wire loop
resulting from radial displacement, which generates a hoop strain in excess of the wire failure
strain of approximately 20% to 25%. The particle velocity gage at a range of 0.54 cm (Gage No.
PV1), which is adjacent to the spherical charge, is not shown due to breakage before the peak
particle velocity. The particle velocity records show approximately a linear rise to the peak particle
velocity followed by a decay to almost a constant lower particle velocity. The reflection from the
aluminum container boundary occurs after 500 ps for particle velocity gages between the charge
and a range of 4.05 cm. Thus, for the record durations shown in Figures 6-1 through 6-7, the
wave remains spherical.

Figure 6-8 shows a profile of range versus TOA. The data points have been fitted with a
least squares third order polynomial having the form of

Range = 0.272 +0.194 TOA - 3.45E-03 TOAZ2 + 2.50E-05 TOA3 6.1)

where range is in centimeters and TOA is in microseconds. Equation (6.1) is valid up to a TOA
of 46 us. The wave front speed at any given range can be determined by differentiating
Equation (6.1) to produce

¢ =0.194 - 6.90E-03 TOA + 7.50E-05 TOA2 (6.2)
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where c is the wave front speed in centimeters per microsecond. Converting ¢ to units of meters
per second, the wave front speed varies from 1879 m/s at a range of 0.54 cm to 353 m/s at a range
of 4.05 cm.

Figure 6-9 shows the attenuation of peak particle velocity with increased range. Using
Equation (3.1), the peak particle velocity (m/s) can be multiplied by the saturated density (kg/m3)
and wave front speed (m/s) to produce an estimate for the peak radial stress (Pa). Table 6-1
summarizes the TOA, wave front speed, peak particle velocity, and estimated radial stress for the
78% saturated sand model.

TABLE 6-1. SUMMARY OF EXPERIMENTAL RESULTS FROM PARTICLE
VELOCITY MEASUREMENTS FOR THE 78% SATURATED

SAND MODEL
Range TOA Wave Front Speed Peak Particle Estimated Peak
(cm + 0.05 cm) {us + 0.2 us) (m/s + 10%) Velocity (nvs + 2%) Stress (kbar)
0.54 0.9 1879 NA NA
1.01 2.9 1746 193.8 6.1
1.55 6.0 1553 109.6 3.1
2.04 9.9 1330 69.0 1.7
2.54 16.3 1014 453 0.8
3.05 23.0 750 31.6 0.4
3.55 315 510 23.0 0.2
4.05 453 353 17.9 0.1

PARTICLE DISPLACEMENTS AND STRAINS

The particle velocity-time histories shown in Figures 6-1 through 6-7 can be temporally
integrated to obtain displacement-time histories. Figure 6-10 shows the particle displacement-time
histories.

Figures 6-11 to 6-16 shows fractional radial (€;), circumferential (€g), and volumetric
(ev) engineering strains. The governing equations used to calculate these strains are given in
Appendix B. The strains are based on the relative displacements between adjacent particle velocity
gage locations. Positive strains indicate compression. Negative strains indicate elongation for the
circumferential strains and dilation for the volumetric strains. The volumetric strain-time histories
show that each fractional shell volume experiences only compression and no dilation.
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_ SECTION 7
DETAILED RESULTS FOR 77% SATURATED SAND MODEL

The 77% saturated sand model had a measured dry density of 1.452 + 0.008 g/cm3, a
calculated porosity of 45.3 + 0.3 % [Porosity % = (1 - Dry Density/Grain Density) x 100], and a
calculated saturated density of 1.801 + 0.011 g/cm3. The measured saturated density was 1.802 +
0.011 g/cm3. The estimated error associated with the total saturated level of 77% is +1% based of

"bulk weight measurements. The 77% saturation level with respect to the pore volume corresponds
to 10% air voids with respect to the total volume. Figure 2-5 shows a reference saturation
uniformity characteristics for a 77% saturated sand model.

PARTICLE VELOCITY MEASUREMENTS

Figures 7-1 through 7-6 show the particle velocity records measured at ranges from 1.01
to 4.05 cm. The gage failure indicated in the figures is attributed to breakage of the wire loop
resulting from radial displacement, which generates a hoop strain in excess of the wire failure
strain of approximately 20% to 25%. The particle velocity gage at a range of 0.54 cm (Gage No.
PV1), which is adjacent to the spherical charge, is not shown due to breakage before the peak
particle velocity. No record was obtained from the particle velocity gage (Gage No. PV7) ata
range of 3.55 cm. The particle velocity records show approximately a linear rise to the peak
particle velocity followed by a decay to almost a constant lower particle velocity. Particle velocity
gages at ranges of 3.05 and 4.05 cm are shown out to a time of 600 ps due to gage survival. The
reflection from the aluminum container boundary occurs after 500 s for particle velocity gages
located between the charge and a range of 4.05 cm. Thus, for the record durations shown in
Figures 7-1 through 7-6, the wave remains spherical.

Figure 7-7 shows a profile of range versus TOA. The data points have been fitted with a
least squares third order polynomial having the form of

Range = 0.401 + 0.214 TOA - 4.41E-03 TOAZ + 3.87E-05 TOA3 (71.1)

where range is in centimeters and TOA is in microseconds. Equation (7.1) is valid up to a TOA
of 38 us. The wave front speed at any given range can be determined by differentiating

Equation (7.1) to produce
c =0.214 - 8.82E-03 TOA + 1.16E-04 TOA2 (7.2)
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where c is the wave front speed in centimeters per microsecond. Converting c to units of meters
per second, the wave front speed varies from 2060 m/s at a range of 0.54 cm to 460 m/s at a range
of 4.05 cm.

Figure 7-8 shows the attenuation of peak particle velocity with increased range. Using
Equation (3.1), the peak particle velocity (m/s) can be multiplied by the saturated density (kg/m3)
and wave front speed (m/s) to produce an estimate for the peak radial stress (Pa). Table 7-1
summarizes the TOA, wave front speed, peak particle velocity, and estimated radial stress for the
77% saturated sand model.

TABLE 7-1. SUMMARY OF EXPERIMENTAL RESULTS FROM PARTICLE
VELOCITY MEASUREMENTS FOR THE 77% SATURATED

SAND MODEL
Range TOA Wave Speed Peak Particle Estimated Peak
(em +0.05 cm) (us + 0.2 us) (mvs + 10%) Velocity (mvs + 2%) Stress (kbar)
0.54 0.9 2060 NA NA
1.01 25 1926 191.5 6.6
1.55 4.4 1774 106.6 3.4
2.04 8.2 1494 66.1 1.8
2.54 14.3 1115 45.0 0.9
3.05 20.3 827 30.4 0.5
3.55 NA NA NA NA
4.05 37.8 463 16.7 0.1

PARTICLE DISPLACEMENTS AND STRAINS

The particle velocity-time histories shown in Figure 7-1 through 7-6 can be temporally
integrated to obtain displacement-time histories. Figure 7-9 shows the particle displacement-time
histories.

Figures 7-11 to 7-14 show fractional radial (€;), circumferential (€g), and volumetric
(ev) engineering strains. The governing equations used to calculate the strains are given in
Appendix B. The strains are based on the relative displacements between adjacent particle velocity
gages. Positive strains indicate compression. Negative strains indicate elongation for the
circumferential strains and dilation for the volumetric strains. The volumetric strain-time histories
show that each fractional shell volume experiences only compression and no dilation.
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BEACH SAND FOR A 3/8 g PETN EXPLOSIVE CHARGE AT A RANGE
BETWEEN 1.55 AND 2.04 cm

7-13




40 I I BB I O SN I N o A S I I | AEEEEEEEE NN RN

N

N\

1 it lar s
LI I B R B

3
4
z 0 -
e - C
[75] - L
: /e., -
-20
-40 1113 l T 1T 11 71 17 l rv 11 | L L DL l | SR SRR ! TPt ] 1111
0 100 200 300 400

TIME (us)

FIGURE 7-12. STRAIN-TIME HISTORIES MEASURED IN 77% SATURATED EGLIN
BEACH SAND FOR A 3/8 g PETN EXPLOSIVE CHARGE AT A RANGE
BETWEEN 2.04 AND 2.54 cm

7-14



30 Lia g b 1111 Ly 3 1 a1 SIS I A S B S A |
. J :
203 ~ -
10 -
g 3 3
~— - v -
= 0 / o
<< - b
o« - -
’_ - =
wn i -
B \\ -
20 = : \/59 F
-3o-llllllill]llll|llll TTTTITITTY llllllll!-'
0 100 200 300 400

TIME (us)

FIGURE 7-13. STRAIN-TIME HISTORIES MEASURED IN 77% SATURATED EGLIN
BEACH SAND FOR A 3/8 g PETN EXPLOSIVE CHARGE AT A RANGE
BETWEEN 2.54 AND 3.05 cm

7-15




30 11t 1141 i3t e e g by ol e g ra 1 g bt

10 - -

g E \ .::
Z o : F— . ‘/EV :
5 3 2
-20 .

-30 - ry¥1rryyrnrid LONLUNLINL B SN B B J LELELILIE LA LB Trryryprruyy -

0 100 200 300 400

TIME (us)

FIGURE 7-14. STRAIN-TIME HISTORIES MEASURED IN 77% SATURATED EGLIN
BEACH SAND FOR A 3/8 g PETN EXPLOSIVE CHARGE AT A RANGE
BETWEEN 3.05 AND 4.05 cm

7-16



SECTION 8
COMPARISON OF EXPERIMENTAL RESULTS

Our discussion in this chapter focuses on comparing the experimental results among sand
models with saturation levels of 100%, 95%, and 78% with respect to the pore volume. These
saturation levels correspond to 0%, 2%, and 10% air voids with respect to the total volume.
Comparisons will be shown here for particle velocity, TOA, peak particle velocity attenuation,
particle displacement, and fractional volumetric strains. Because the 77% saturated sand model
produced results similar to those for the 78% saturated sand model, the 77% model is not included
in the comparison.

PARTICLE VELOCITIES

Figures 8-1 through 8-7 show comparisons of particle velocity-time histories for 100%,
95%, and 78% saturated sand models. The particle velocity waveforms are very similar between
the 100% and 95% saturation levels. The only noticeable differences are slightly higher particle
velocities for the 95% saturated sand model during the unloading portion of the waveform. This
higher particle velocity translates into a slightly higher particle displacement, which could be
associated with an increase in pore space collapse due to the 2% of air void within the sand model
volume.

Figure 8-8 shows a profile of range versus TOA for the 100%, 95%, and 78% saturated
sand models. The 100% and 95% profiles are the same. The 78% profile shows a significantly
larger attenuation of the wave front speed compared with the 100% and 95% saturated sand
models.

Figure 8-9 shows the peak particle velocity attenuation for the 100%, 95%, and 78%
saturated sand models. The peak particle velocities are the same for the 100% and 95% saturated
sand models. Comparison of the 100% and 78% saturated sand models shows 20% higher peak
particle velocities in the 78% saturated sand model at ranges of 1.55 and 2.04 cm, similar peak
particle velocities at ranges of 2.54 and 3.05 cm, and 30% lower peak particle velocities in the 78%
saturated sand model at ranges of 3.55 and 4.05 cm. The higher peak particle velocities near the
charge is due to the lower inertial resistance opposing particle motion because of less water in the
pore space. The lower peak particle velocity farther awayr from the charge is the result of larger
attenuation of the particle velocity.
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PARTICLE DISPLACEMENTS AND STRAINS

Figures 8-10 through 8-16 show comparisons of particle displacement-time histories for
the 100%, 95%, and 78% saturated sand models. These records show the trends of the smallest
displacements occurring in the 100% saturated sand model and the largest displacements occurring
in the 78% saturated sand model. The displacements for the 95% saturated sand model typically
were between the 100% and 78% saturated sand model values.

Fractional volumetric (€y) strains are shown in Figures 8-17 to 8-22. The strains are based
on the relative displacements between adjacent particle velocity gages. Positive strains indicate
compression and negative strains indicate dilation. For the 100% and 95% saturated sand models
each fractional shell element experiences compression followed by dilation. For the 78% saturated
sand model, each fractional shell volume experiences only compression. Typically, there was
200% more compression in the 78% saturated sand model as compared with the 100% and 95%
saturated sand models. -
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FIGURE 8-3. COMPARISON OF PARTICLE VELOCITY-TIME HISTORIES MEASURED
IN 100%, 95%, AND 78% SATURATED EGLIN BEACH SAND FOR A 3/8 g
PETN EXPLOSIVE CHARGE AT A RANGE OF 2.04 cm
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FIGURE 8-4. COMPARISON OF PARTICLE VELOCITY-TIME HISTORIES MEASURED
IN 100%, 95%, AND 78% SATURATED EGLIN BEACH SAND FOR A 3/8 g
PETN EXPLOSIVE CHARGE AT A RANGE OF 2.54 cm
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IN 100%, 95%, AND 78% SATURATED EGLIN BEACH SAND FOR A 3/8 g
PETN EXPLOSIVE CHARGE AT A RANGE OF 3.05 cm
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FIGURE 8-19. COMPARISON OF VOLUMETRIC STRAIN-TIME HISTORIES MEASURED IN
100%, 95%, AND 78% SATURATED EGLIN BEACH SAND FOR A 3/8 g PETN
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SECTION 9
SUMMARY AND RECOMMENDATIONS

SAND MODEL FABRICATION AND SATURATION UNIFORMITY

The sand model fabrication techniques produced the material property conditions
summarized in Table 9-1. The estimated error associated with each material parameter for the
fabrication techniques used is estimated to be within +1%. We summarize our error analysis in
Appendix C.

TABLE 9-1. SAND MODEL EXPERIMENTAL PROPERTIES

Dry Density Porosity Saturated Density Total Saturation
Experiment No.  (g/cmS3 + 0.008) (% +0.3) (g/cm3  0.011g/cmS) (%o 1%)
1 1.678 36.8 2.051 100
2 1.659 37.5 2.012 95
3 1.465 44.8 1.815 78
4 1.452 45.3 1.802 77

The error associated with making saturation uniformity measurements could be as high as
+7% to +10%. These possible large errors are the result of having to measure small differences in
water amounts compared with relatively large sample sizes. However, the actual saturation
uniformity variation was typically much less than the estimated possible maximum error for the
100%, 78%, and 77% saturated models. For the 100% saturated sand model, the average
saturation level was 100% and the standard deviation was +1%. These values are based on ten
locations within the sample in which nine locations showed 100% and one location showed 96%
saturation. For the 78% and 77% saturated sand models, the standard deviation was £3% based
on approximately 50 locations. Furthermore, the average saturation from 50 locations was within
2% of the average saturation obtained from bulk weight measurements. The largest degree of
saturation nonuniformity occurred in the 95% saturated sand model as a result of the fabrication
technique used. Here, the saturation level ranged from below 88% near the midplane to near 100%
at the bottom.
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PARTICLE VELOCITIES AND DISPLACEMENTS

We performed two experiments to illustrate the reproducibility of the particle velocity
experimental technique. In one experiment, the saturation level was 78% and in a second
experiment the saturation level was 77%. The average difference between peak particle velocities
from each experiment was 2.6%. The average difference between wave front TOA between each
experiment was 14.2%. In general, the particle velocity waveform shapes compared reasonably
well. The largest difference between the two experiments occurred at a range of 4.05 cm. The
wave front arrival times differed by 16.7% and the peak particle velocities differed by 6.7%.
These differences may be attributed to variation in the saturation uniformity, which is
approximately +4%.

The particle velocity-time histories were very similar between the 100% and 95% saturated
sand models. The only noticeable difference was slightly larger postpeak particle velocities in the
95% saturated sand model, which could be attributed to collapse of the 2% of air voids with
respect to the total volume in the 95% saturated sand model.

Comparison of the 100% and 78% saturated sand models showed 20% higher peak particle
velocities in the 78% saturated sand model at ranges of 1.55 and 2.04 cm, similar peak particle
velocities at ranges of 2.54 and 3.05 cm, and 30% lower peak particle velocities in the 78%
saturated sand model at ranges of 3.55 and 4.05 cm. The higher peak particle velocity in the 78%
saturated sand model near the charge is due to the lower inertial resistance because of less water in
the pore space. The lower peak particle velocity in the 78% saturated sand model farther away
from the charge is the result of larger attenuation of the particle velocity.

Temporal integration of the particle velocity measurements to obtain particle displacements
illustrated a distinct trend among the 100%, 95%, and 78% saturated sand models. The lowest
particle displacements occurred in the 100% saturated sand model and the highest particle
displacements occurred in the 78% saturated sand model. The particle displacements for the 95%
saturated sand model fell between the 100% and 78% saturated sand models.

Typically, the radial (g;), circumferential (€g), and volumetric (gv) strains followed the same
trends as described for the displacements. That is, the lowest strains occurred in the 100%
saturated sand model, the highest strains occurred in the 78% saturated sand model, and the strains
in the 95% saturated sand model fell between the 100% and 78% saturated sand models.
However, at a few gage locations, the 95% saturated model strains were the same as or less than
the 100% saturated model strains, particularly with respect to volumetric strain. These deviations
from the typical trends are attributed to the fact that the strains are calculated with respect to
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differences in displacements between adjacent gage locations. Although the particle displacement magnitudes
are higher in the 95% saturated sand model than in the 100% saturated sand model, the particle displacement

differences between adjacent gage locations are similar to within the experimental accuracy.
RADIAL STRESS

Typically, the radial stress measurements in each experiment showed reproducible peak stresses, with the
peak stresses in good agreement with estimated peak stresses from the particle velocity records. Significant
differences were typically observed for the postpeak residual stress levels between gages at the same range.
We believe these differences are in part due to the large particle displacements that resulted in different stress

flow conditions.
RECOMMENDATIONS FOR FUTURE WORK

Below, we provide a list of possible future research that would complement the research results

described in this report.

« Perform a spherical stress bounds analysis using the particle velocity measurements obtained from
this project. The results from the analysis could be used to bracket the stress waveform shapes
that are consistent with the particle velocity measurements. This would guide us in assessing the
validity of the measured stress records. The stress bounds analysis is performed by utilizing the
equations of motion and assuming that the circumferential stress is equal to the radical stress
(hydrodynamic condition) for one bound and equal to zero for the other bound.

« Perform additional spherical wave experiments with particle velocity gages only and at saturation
levels between 95% and 80% using the same initial porosity. Here we would use the sand and
water mixing technique to fabricate sand models with possible saturation levels of 85%, 90%, and
95%. The mixing technique would be used, because results from the current research indicate that
reasonable saturation uniformity can be obtained with this technique.

« Perform one-dimensional plane wave experiments with particle velocity and stress gage
measurements. One-dimensional plane waver experiments would provide data for developing
stress-strain relations for different saturation levels. We would expect better success in stress
measurements in the planar wave experiment than in the spherical divergent wave. Furthermore,
stress-strain relations can be developed using only particle velocity measurements when plan
wave Lagrange analysis is used to compute the stress components.27 The calculated stress would
be compared with the measured stress and could, possible, pinpoint the sources of
irreproducibility in the spherical wave stress measurements.
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APPENDIX A
STRESS MEASUREMENTS

Stress measurements that we have made using the SRI fabricated, miniflatpack, stress gage
have focused primarily on measuring the radial stress component from a spherical explosive source
in homogeneous materials (such as rock and rock matching grouts). Typically, results in these
material types have indicated a precision level within +20%. Using the miniflatpack stress gage in
saturated sand may have a larger level of uncertainty because the saturated sand is lower density
and most likely more inhomogeneous. Furthermore, the saturated sand inhomogeneity may be
greatest near the miniflatpack stress gage due to the difficulty of placing the granular material
around the gage. We expected the fabrication procedure for the 100% saturated sand model to
produce a more homogeneous saturated sand material, particularly near the stress gage, than did
the fabrication technique for the 95%,78%, and 77% saturated sand models.

The miniflatpack stress gage that we used consisted of a Dynasen, 3.2-mm-square
(0.125 in.), ytterbium, sensing element sandwiched between two, 0.15-mm-thick (0.006 in.),
stainless steel plates. The ytterbium was electrically isolated from the stainless steel using a
0.025-mm-thick (0.001 in.) layer of Kapton tape. The stainless steel plates were connected to
ground for gage shielding. The gage was held in position by a brass tube, which was rigidly fixed
into the aluminum container encompassing the saturated sand. However, the end of the stress
gage, where the ytterbium sensing element was located, was free to move perpendicular to the gage
plane owing to the flexibility of the stainless steel plates. Because of this, the location of the
ytterbium sensing element with respect to the charge center may have changed slightly from the
nominal placement range locations of 2 cm and 3 cm during the sand model fabrication.

To measure the radial stress component, we oriented the stress gage so that the gage face
was perpendicular to the propagating stress wave. To measure the circumferential stress
component, we oriented the stress gage so that the gage face was parallel to the propagating stress
wave. In Experiments 1 and 2 (100% and 95% saturated sand models), two radial and two
circumferential stress gages were each placed at nominal ranges of 2 cm (0.79 in.) and 3 cm
(1.18in.). In Experiments 3 and 4 (78% and 77% saturated sand models) four radial stress gages
were each placed at nominal ranges of 2 cm (0.79 in.) and 3 cm (1.18 in.).

Because ytterbium is sensitive to in-plane strain, we made miniflatpack strain gages in the
same manner as described above and placed them at the same orientations and ranges as the stress




gages. The strain-time histories from these gages were used in the data reduction for the stress
gagse to reduce the ambiguity of the stress measurement due to possible in-plane strain. Typically,
the strains measured by these gages were less than 0.5%, which corresponds to a nominal stress
correction value of approximately 0.25 kbar.

The stress records from each experiment are listed below:

Figures A-1 through A-4: Radial stress in 100% saturated sand

Figures A-5 through A-8: Circumferential stress in 100% saturated sand
Figures A-9 through A-12: Radial stress in 95% saturated sand

Figures A-13 through A-14: Circumferential stress in 95% saturated sand
Figures A-15 through A-19: Radial stress in 78% saturated sand

Figures A-20 through A-21: Radial stress in 77% saturated sand.

The range locations given in each figure were obtained by adjusting the range so that range versus
time of arrival (TOA) profile was the same as determined from the particle velocity records. Here,
we have assumed that the stress gages moved from their initial placement position during model
fabrication. However, the TOA of the stress measurement would also be different from the TOA
of the particle velocity measurements due to different localized material conditions around the stress
gage.

Typically, the radial stress measurements in each experiment showed reproducible peak
stresses, with the peak stresses in good agreement with estimated peak stresses from the particle
velocity records, as shown in Figures A-22 through A-25. Significant differences were typically
observed for the postpeak residual stress levels between gages at the same range. Postpeak
residual stress levels differed by as much as 90% for gages located approximately at the same
range.These differences may be attributable to the large particle displacements that produce
different stress flow conditions around the gage or different in-plane strain conditions within each
gage. Furthermore, the Dynasen ytterbium sensing elements used are characterized for only
uniaxial loading. Thus, there is inherently greater uncertainly in the unloading portion of the stress
measurements due to the lack of Dynasen ytterbium behavior data. In our data reduction of the
stress measurements, we estimate a Dynasen ytterbium unloading curve by assuming mechanical
ytterbium properties obtained from experiments performed at SRI on other ytterbium element
types.

Circumferential stress measurements made in Experiments 1 and 2 for 100% and 95%
saturated sand models, respectively, showed as much as 30% variation in peak stress and post

peak residual stress for gages at the same range. Furthermore, the trends in the circumferential
stress waveforms were not qualitatively consistent with radial stress waveforms at some range
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locations. For example, some circumferential peak stress measurements exceeded the peak radial
stress measurements.

Because of the ambiguities described above in the majority of the stress measurements, we
suggest that only the peak radial stress information from the stress measurements be quantitatively
used. The postpeak, residual, radial stress and the complet,e circumferential, stress waveforms
should not be used due to the lack of reproducibility.
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CHARGE AT A RANGE OF 3.224 cm
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FIGURE A-15. RADIAL STRESS-TIME HISTORY MEASURED IN 78% SATURATED

EGLIN BEACH SAND FOR A 3/8 g PETN EXPLOSIVE CHARGE

AT A RANGE OF 1.87 cm
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EGLIN BEACH SAND FOR A 3/8 g PETN EXPLOSIVE CHARGE
AT A RANGE OF 3.05cm
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FIGURE A-17. RADIAL STRESS-TIME HISTORY MEASURED IN 78% SATURATED
EGLIN BEACH SAND FOR A 3/8 g PETN EXPLOSIVE CHARGE

AT A RANGE OF 3.29 cm
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FIGURE A-18. RADIAL STRESS-TIME HISTORY MEASURED IN 78% SATURATED
EGLIN BEACH SAND FOR A 3/8 g PETN EXPLOSIVE CHARGE
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FIGURE A-19. RADIAL STRESS-TIME HISTORY MEASURED IN 78% SATURATED
EGLIN BEACH SAND FOR A 3/8 g PETN EXPLOSIVE CHARGE
AT A RANGE OF 3.44 cm
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FIGURE A-20. RADIAL STRESS-TIME HISTORY MEASURED IN 77% SATURATED
EGLIN BEACH SAND FOR A 3/8 g PETN EXPLOSIVE CHARGE
AT A RANGE OF 3.376 cm
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FIGURE A-21. RADIAL STRESS-TIME HISTORY MEASURED IN 77% SATURATED
EGLIN BEACH SAND FOR A 3/8 g PETN EXPLOSIVE CHARGE
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FIGURE A-23. COMPARISON BETWEEN INFERRED RADIAL STRESS FROM
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FIGURE A-24. COMPARISON BETWEEN INFERRED RADIAL STRESS FROM
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APPENDIX B
SPHERICAL WAVE EQUATIONS

An outline of the treatment of spherical waves is provided here to show how the
experimental data are processed and interpreted. The data consist of radial particle velocities at
several ranges. Radial displacements are obtained by temporal integration of the particle velocity-
time histories. Below we show how we obtain the radial, circumferential, and volumetric
engineering strains.

The radial strain is calculated using
e ={d; —di1}/ (a; —aj41) x 100
The circumferential strain is calculated using
g9 =—0.5{d; / a; +d;41 /241 } x 100
The volumetric strain is calculated using

&y = {[(ai+1 + di+1)3 —(a; + di)3] - (ai3+1 - a?)}/ (ai3+1 - a?) x 100

In these equations, d; is the displacement obtained through temporal integration of the particle
velocity records, aj is the range, and i is the gage number.

B-1




APPENDIX C
ERROR ANALYSIS FOR EXPERIMENTAL MEASUREMENTS

An outline of the error analysis performed on the experimental measurements is provided
here. The final error associated with a particular measurement may be a direct error or an indirect
error. Direct errors are strictly associated with the measurement type. For example, for weight
measurements a direct error is associated with the manufacturer's specified scale accuracy. Indirect
errors are the accumulation of other direct or indirect errors. For example, the error associated
with density is an indirect error when it is obtained through determining the direct errors associated
with the mass and volume used to determine the density. Below, we give our error analysis for the
experimental measurements associated with sand model fabrication and particle velocity
measurements.

SAND MODEL PREPARATION AND CHARACTERIZATION

Table C-1 summarizes the direct errors associated with sand model preparation and
characterization.

Table C-1. DIRECT ERROR VALUES FOR SAND MODEL PREPARATION
AND CHARACTERIZATION MEASUREMENT TYPE

Measurement Type Error
Sand Model Container Volume 430.198 cm3
Sample Cup Container Volume +0.025 cm3
Core Container Volume +0.248 cm3
NCI 3825 70 kg Scale (for bulk measurements) +23 g
Mettler PC 6000 Scale (for sample cup measurements) +0.1g
Mettler PC 2000 Scale (for core measurements) $0.01g

Bulk Measurements

To estimate the bulk, dry density, indirect error we used the direct error values for sand
volume and mass measurements associated with the dry density. The dry sand volume error is the
sum of the container volume error and the actual sand volume error. The container volume error
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was estimated from the design fabrication tolerances and is +30.198 cm3. The actual sand volume
error is the difference between the actual sand volume and the container volume. This error is
primarily associated with the difference between the height of the free sand surface and the top
edge of the container. This difference could be equivalent to the average grain size diameter of
0.040 cm. Multiplying the average grain size diameter by the container volume surface area gives
an error of +20.782 cm3. Thus, the dry sand volume error is +50.980 cm3. The sand mass error
is associated with having to make two measurements with the NCI 3825 scale, which gives a direct
error of +46 g. Considering that the maximum error is for the case where there are opposite trends
between sand volume error and sand mass error, the indirect error equation for the sand dry
density becomes

(26209 g + 46 )/(15836.096 cm3 F 50.980 cm3) - 1.655 g/em3 = +0.008 g/cm3 (C.1)

where 26209 g is the measured bulk sand mass and 15836.096 cm3 is the bulk sand volume. The
sand saturated density indirect error is obtained by adding to the numerator of Equation (C.1) the
bulk water mass (5957 g) and associated direct error (+23 g) and substituting the saturated density
of 2.031 g/cm3 for the dry density of 1.655 g/cm3, which gives an error of +0.011 g/cm3.

To estimate the bulk saturation indirect error, we first estimate the porosity indirect error
by dividing the dry density sand error by the grain density (because the standard deviation from
20 grain density measurements was 0.0004 g/cm3, we have neglected the grain density direct
error), which gives +0.302 %. Thne porosity error is multiplied by the sand volume (15836.096 +
50.302 = 15886.398 cm3) to obtain the possible water volume error of 47.977 cm3 for 100%
saturated sand. Assuming a water density of 1.000 g/cm3, the water mass error is +47.977 g.
The measured error is the scale accuracy of +23 g. For a nominal, 100% saturated, bulk water
mass of 5957 g, the maximum error occurs for opposite trends between measured and calculated
water masses and is represented by the equation

(5957 g+£23 /(5957 g+47977g)-1=x1% (C.2)

Sample Cup and Core Measurements

The error bars for the sample cup and core measurements are determined in the same
manner as for the bulk measurements described above. For the sample cup (2.540 + 0.002 cm
diameter by 2.540 + 0.001 cm long), the container volume direct error is +0.025 cm3 and the
actual sand volume direct error is +0.203 cm3, giving a dry sand volume direct error of
+0.228 cm3. The Mettler PC 6000 scale was used to measure the dry sand mass. Because two
measurements are required to determine the dry sand mass, the direct error is 0.2 g. Combining
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these values with the nominal sand volume and mass values, and considering that the maximum
error occurs for opposite trends between the sand volume error and the sand mass error, the
indirect error equation for the dry density is

(21.40 g + 0.2 g )/(12.870 cm3 F 0.228 cm3) - 1.663 = + 0.045 g/cm3 (C.3)

where 21.40 g is the sample cup sand mass and 12.870 cm3 is the sample cup sand volume. The
sand saturated density indirect error is obtained by adding to the numerator of Equation (C.3) the
water mass (4.9 g) and associated direct error (+0.1 g) and substituting the saturated density of
2.044 g/cm3 for the dry density of 1.663 g/cm3, which gives an error of +0.059 g/cm3.

To estimate the bulk saturation indirect error, we first estimate the porosity indirect error by
dividing the dry density sand error by the grain density, which gives +1.70 %. The porosity error
is multiplied by the sand volume (12.870 + 0.223 = 13.093 cm3) to obtain the possible water
volume error of $0.223 cm3 for 100% saturated sand. Assuming a water density of 1.000 g/cm3,
the water mass error is £0.223 g. The measured error is the scale accuracy of +0.1 g. Fora
nominal, 100% saturated, sand water mass of 4.9 g, the maximum error occurs for opposite trends
between measured and calculated water masses and is represented by the equation

(49g+0.1g)/(49g70223g)-10=27% (C.4)

Determination of the core (2.230 + 0.025 cm diameter by 2.540 + 0.006 cm long)
measurement errors is similar to the determination of sample cup errors, except that the container
volume direct error is 0.248 cm3 (this is larger than for the sample cup, because the diameter
tolerance for the manufactured tubing used is larger than for the machined diameter of the sample
cup), the dry sand volume direct error is 0.312 cm3 (this is larger than the diameter tolerance for
the sample cup, because there are two free surfaces), and the mass direct error is 0. 01 g for each
measurement (this is less than the sample cup, because the Mettler PC 2000 scale was used).
Given these differences and the slight differences in nominal sand volume, sand mass, and water
mass the indirect dry sand error is +0.091 g/cm3, the saturated sand indirect error is +0.11 g/cm3,
the porosity indirect error is +3.43%, and the saturation indirect error is £10%.

INSTRUMENTATION

Particle Velocity Measurements

The particle velocity (u) indirect error is the product of direct errors associated with the
gage length (1), magnetic field strength (B), and measured electromagnetic force (€). The estimated
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error associated with the gage radial location is estimated to be + 0.05 cm. The magnetic field
strength and measured electromagnetic force direct errors are both estimated to be negligible due to
the sophistication of the instrumentation used to measure these quantities. Using the following
governing equation for the particle velocity indirect error

(8)/{[B] X [l + 0.05(27‘:)]) =iE1T0r
€ /B¢

the indirect error ranges from +5% at the 1.01 cm range to +1% at the 4.05 cm range. At the
average range of 2.54 cm, the particle velocity indirect error is approximately +2%.

The particle velocity time-of-arrival (TOA) direct error is related to the sampling rate of
0.1 ps. Because the TOA is determined from two recorded points (i.e., the explosive detonation
time and the particle velocity TOA), the total direct error is +0.2 ps.

The wave speed indirect error is determined by considering the error between two adjacent
particle velocity gages. The maximum distance error between two gages is 0.1 cm and the
maximum time error is +0.2 ps. Given that the maximum error is for opposite trends between the

distance and time measurements, the wave velocity error equation is governed by

(D +£0.1cm)/(TF0.2us)-D/T
DT

= + Error (C.5)

where D and T are the differential distances and times between adjacent particle velocity gages.
Equation (C.5) gives, on average, a wave speed indirect error of +10%.
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